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Abstract

Upregulation of heat shock proteins (HSPs) is an approach to treatment of neurodegenerative disorders with impaired
proteostasis. Many neurons, including motor neurons affected in amyotrophic lateral sclerosis (ALS), are relatively resistant to
stress-induced upregulation of HSPs. This study demonstrated that histone deacetylase (HDAC) inhibitors enable the heat shock
response in cultured spinal motor neurons, in a stress-dependent manner, and can improve the efficacy of HSP-inducing drugs in
murine spinal cord cultures subjected to thermal or proteotoxic stress. The effect of particular HDAC inhibitors differed with the
stress paradigm. The HDAC6 (class IIb) inhibitor, tubastatin A, acted as a co-inducer of Hsp70 (HSPA1A) expression with heat
shock, but not with proteotoxic stress induced by expression of mutant SOD1 linked to familial ALS. Certain HDAC class I
inhibitors (the pan inhibitor, SAHA, or the HDAC1/3 inhibitor, RGFP109) were HSP co-inducers comparable to the
hydroxyamine arimoclomol in response to proteotoxic stress, but not thermal stress. Regardless, stress-induced Hsp70 expression
could be enhanced by combining an HDAC inhibitor with either arimoclomol or with an HSP90 inhibitor that constitutively
induced HSPs. HDAC inhibition failed to induce Hsp70 in motor neurons expressing ALS-linked mutant FUS, in which the heat
shock response was suppressed; yet SAHA, RGFP109, and arimoclomol did reduce loss of nuclear FUS, a disease hallmark, and
HDAC inhibition rescued the DNA repair response in iPSC-derived motor neurons carrying the FUS®***“mutation, pointing to
multiple mechanisms of neuroprotection by both HDAC inhibiting drugs and arimoclomol.
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Protein misfolding and aggregation are associated with multi-

ple neurodegenerative disorders including amyotrophic lateral
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inducers of HSP expression, drugs that magnify an existing
stress response (Batulan et al. 2005). In addition, disease pro-
cesses can inhibit the response to HSP-inducers, with loss of
efficacy occurring subsequent to changes in chromatin archi-
tecture (Labbadia et al. 2011).

Eukaryotic expression of HSPs is mediated by binding and
activation of heat shock transcription factors (HSFs) to heat
shock elements (HSEs) on HSP promoters. Environmental
and physiological stresses activate transcription of HSP genes
largely through HSF1 (Morimoto 1998). Monomeric HSF1 is
sequestered in a multichaperone complex including HSP9O0,
HSP70, P97/VCP, HDAC®6, and cofactors. Upon stress,
misfolded proteins compete for chaperones and HSF1 is re-
leased, trimerizes and binds to HSEs. HSF1 is subject to mul-
tiple post-translational modifications, including phosphoryla-
tion, sumoylation, ubiquitination, and acetylation, which reg-
ulate DNA binding, transactivation of heat shock genes and
degradation (Boyault et al. 2007; Dayalan Naidu and
Dinkova-Kostova 2017; Joutsen and Sistonen 2019; Li et al.
2017; Pernet et al. 2014). Whereas phosphorylation of resi-
dues in HSF1’s regulatory domain was thought to be required
for transactivational competence, more recent evidence points
to a role in fine tuning of the heat shock response, including
regulation of HSF1 binding to promoter elements (Budzynski
et al. 2015). Another regulatory factor is the translation elon-
gation factor eEF1 A1, which mediates stress-induced HSP70
(HSPAIA) transcription as well as stability and transport of
HSP70 mRNA (Vera et al. 2014). Motor neurons exhibit an
underlying reticence for stress-induced activation of HSF1
(Batulan et al. 2003) and the neuron-specific variant
eEF1A2 lacks the regulatory ability of eEF1A1 (Vera et al.
2014).

Acetylation has multiple and sometimes opposite effects on
aspects of the heat shock response, including HSF1 regula-
tion. Acetylation by EP300/CREBBP stabilizes HSF1 under
homeostatic conditions, whereas additional acetylation during
thermal stress dampens the heat shock response by releasing
HSF1 from HSE, an effect that is antagonized by
deacetylation by SIRT1 (Raychaudhuri et al. 2014;
Westerheide et al. 2009). Acetylation of HSP90 by HDAC6
suppresses its chaperone function (Bali et al. 2005).

Histone acetylation and the chromatin landscape influence
expression of heat shock genes. The fundamental structure of
chromatin is the nucleosome, composed of an octameric com-
plex of the core histone proteins, H1, H2A, H2B, H3, and H4.
In general, acetylation of histones is permissive to gene ex-
pression by opening up chromatin to permit access of tran-
scription factors to gene promoters, whereas deacetylation is
suppressive. The level of acetylation is regulated by histone
acetyl transferases and histone deacetylases. With respect to
the stress-inducible binding of HSF1 to HSE of heat shock
genes, binding occurs at areas of open chromatin with tetra-
acetylated H4 and acetylated H3K9 marks (Guertin and Lis
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2010). In the R6/2 mouse model of Huntington’s disease,
attenuation of the efficacy of the HSP-inducing drug,
HSP990, was linked to reduced levels of tetra-acetylated his-
tone H4 (Labbadia et al. 2011). The chaperone co-inducer
BGP-15 increased chromatin accessibility at multiple loci,
including HSPAIA, and lowered the threshold for activation
of Hsfl in heat shocked mouse embryonic fibroblasts. This
effect was associated with reduced histone deacetylase
(HDAC) activity in the cells, which would increase histone
acetylation (Budzynski et al. 2017). However, it is not clear
how these epigenetic mechanisms contribute to regulation of
heat shock genes and stress response in neurons.

Histone acetylation regulates HSE accessibility by
recruiting chromatin remodeling complexes (CRC). In yeast,
these CRC are referred to as SWI/SNF complexes. Hsfl re-
cruits Brgl, the ATPase/helicase component of SWI/SNF, to
remodel chromatin for transcription and elongation at heat
shock genes (Calderwood et al. 2010; Shivaswamy and Iyer
2008; Sullivan et al. 2001). Brgl interacts with nucleosomes
through binding of its bromodomain to acetylated lysines of
histone tails, acetylated lysine 14 of histone 3 (H3K14ac)
being the favored substrate (Shen et al. 2007). In vertebrates,
SWI/SNF is known as Brahma-related gene 1 (Brgl)-associ-
ated factor complex (BAF) (Vogel-Ciernia and Wood 2013).
A regulated switch of key subunits to neuronal isoforms to
form neuronal BAF complexes (nBAF) is a key requirement
for expressing gene sets for neuronal differentiation, including
process extension (Wu et al. 2007). We identified loss of
nBAF CRC proteins as a pathway common to multiple types
of ALS including both familial and sporadic disease
(Tibshirani et al. 2017). Nuclear Brgl/SMARCA4 and other
key nBAF components (Baf53b and CREST) were depleted
from cultured murine motor neurons expressing FUS or TDP-
43 mutants linked to familial ALS (fALS) and in spinal motor
neurons of fALS (SODIAW, C90RF72) and sporadic ALS
(sALS) autopsy specimens (Tibshirani et al. 2017). There is
also evidence of reduced histone acetylation in ALS
(Cudkowicz et al. 2009; Janssen et al. 2010; Liu et al. 2013)
and in transgenic mouse models of fALS1 due to SODI mu-
tations (Rouaux et al. 2003; Ryu et al. 2005).

Thus, various epigenetic changes could impair the abil-
ity of neurons to protect themselves by upregulating neu-
roprotective stress pathways, including HSPs to chaper-
one misfolded proteins for degradation and attenuate the
heat shock response in chronic neurodegenerative disease.
In this study, we determined whether inhibitors of differ-
ent HDAC classes would enable the heat shock response
in motor neurons and would improve the efficacy of HSP-
inducing drugs in experimental models relevant to ALS,
using four experimental paradigms:

1. Induction of Hsp70 by the HSP90 inhibitor,
NXD30001: HSP90 inhibitors constitutively induce
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expression of HSPs by disrupting HSP90 complexes;
HSP90 also participates in the removal of HSF1 tri-
mers from HSE, such that HSP90 inhibitors prolong
the HSF1-HSE interaction (Kijima et al. 2018).
Although of interest in therapy of neurodegenerative
disorders, HSP90 inhibitors have issues of toxicity and
CNS bioavailability, having been largely developed as
cancer chemotherapeutic agents. Nevertheless, these
drugs are highly useful for proof-of-principle studies,
particularly in culture. The HSP90 inhibitor,
NXD30001, is highly effective in spinal cord cultures,
upregulating Hsp70 expression, particularly in neu-
rons (Cha et al. 2014). The serendipitous discovery
that the pan HDAC inhibitor, SAHA, quite strikingly
increased Hsp70 expression initiated by NXD30001
led us to envisage the present study.

2. The limited response of neurons to express HSP70 after
heat shock: We previously reported that motor neurons in
spinal cord-DRG cultures have a high threshold for induc-
tion of a stress response in response to heat shock, such
that thermal stress induces little or no Hsp70 (Batulan
et al. 2003), thus providing a good model to investigate
how HDAC inhibitors might overcome the high threshold
for induction.

3. Proteotoxic stress induced by the expression of mutant
SOD1 linked to familial ALS1: As a proteotoxic stress
relevant to neurodegenerative disease, we used our previ-
ously established model of ALS1 (Durham et al. 1997)
due to mutations in SOD1, in which upregulation of HSP
expression alleviated many aspects of mutant SOD1 tox-
icity in cultured motor neurons (Batulan et al. 2006; Cha
et al. 2014).

4. Proteotoxic stress induced by expression of mutant FUS
linked to familial ALS6, in which histone acetylation is
compromised: A number of genes linked to ALS encode
RNA binding proteins, including FUS (Kwiatkowski Jr.
et al. 2009; Vance et al. 2009). In our primary culture
model (Tradewell et al. 2012), histone acetylation is im-
paired in motor neurons expressing mutant FUS, but pre-
served by treatment with the pan HDAC inhibitor, SAHA
(Tibshirani et al. 2015), thus providing a model to exam-
ine the heat shock response in light of relevant epigenetic
abnormalities.

Use of these models revealed that different classes of
HDAC inhibitors act as HSP co-inducers depending on the
type of stress and enhance co-induction of Hsp70 by
arimoclomol in multiple scenarios. In addition, they preserve
DNA repair and promote nuclear retention of mutant FUS
through non-HSP mechanisms.

Materials and methods
Spinal cord-dorsal root ganglion (DRG) cultures

Spinal cord-DRG cultures were prepared and cultured as pre-
viously described (Durham et al. 1997; Roy et al. 1998).
Briefly, spinal cords with attached DRG were dissected from
E13 CDl1mouse embryos, dissociated using trypsin, and plat-
ed on poly-lysine and Matrigel-coated coverslips. Cultures
were maintained in modified N3 hormone and growth
factor-supplemented culture medium with 1-2% horse serum
and used for experiments 3—8 weeks after plating. At this time,
motor neurons were identified morphologically by their large
size and extensive dendritic tree, as previously documented
(Roy et al. 1998).

Heat shock

For heat shock, spinal cord-DRG cultures on coverslips were
transferred to 35 mm culture dishes containing 2 ml of buffer
(minimum essential medium enriched with 5 g glucose with-
out sodium bicarbonate; pH 7.4). The dishes were wrapped in
Parafilm and placed in a water bath at 43 °C for 30 min, with
temperature monitoring, following which cultures were
returned to culture medium including drug treatments and
recovered for 6 to 72 h in the incubator at 37 °C in 5% CO,.

Expression of ALS-linked mutant genes

Culture models of ALSI1, due to mutation in SODI, and
ALSG6, due to mutation in FUS, were prepared as previously
described (Durham et al. 1997; Tradewell et al. 2012) by mi-
croinjection of expression plasmids into motor neuronal nu-
clei. Plasmids used in this study were N-terminal Flag-tagged
FUS®?M™ in pcDNA3 microinjected at 20 ng/pl (Tradewell
etal. 2012) and SOD1°*** in pCEP4 microinjected at 200 ng/
pl (Durham et al. 1997). Microinjected neurons were identi-
fied by including 2.5 pg/ul 70 kDa dextran-FITC in the
injectate (Molecular Probes Inc., Eugene, OR) or by express-
ing mCherry from mCherry-C1 plasmid (Clontech #632524),
coinjected at 1-2 ng/ul.

Immunocytochemistry

Cultures were fixed in 4% paraformaldehyde (PFA) in PBS
for 10 min, permeabilized in 0.5% NP-40 in PBS for 1 min,
and fixed again in PFA for 2 min. Cultures were placed in
blocking solution (5% horse serum in PBS) for either
30 min (at room temperature) or overnight (at 4 °C) to prevent
non-specific binding of antibodies. Cultures were incubated
with primary or secondary antibodies diluted in blocking so-
lution for 30 min, with three 5 min washes in PBS after each
antibody. For histochemical detection, cultures were treated
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with 0.6% H,0O, in PBS for 2 min following primary antibody
incubation. Horse radish peroxidase (HRP)-conjugated sec-
ondary antibody was detected by 5-min exposure to 0.03%
ImmPACT DAB Chromogen dissolved in InmPACT DAB
diluent (Vector Laboratories, USA) followed by three 5 min
washes in PBS. Coverslips were mounted onto microscope
slides using Immumount (ThermoFisher Scientific, Canada).
Cells were visualized using a Zeiss Observer Z1 microscope
(Carl Zeiss Canada Ltd.) equipped with epifluorescence optics
and a Hamamatsu ORCA-ER cooled CD camera
(Hamamatsu, Japan). Images were acquired with Zeiss
Axiovision software.

To score expression of Hsp70 in motor neurons exposed to
the various treatments, a semiquantitative method was used.
The primary outcome was absence (0) or presence of
immunolabeling (+), given that very few motor neurons ex-
press this protein under normal conditions or in response to
some stressors. In certain experiments, the relative intensity of
Hsp70 was scored as + or ++. To establish the reproducibility
of the scoring method, two individuals independently scored
the experiment; there was no statistical difference between
their scores.

Western analysis

Cultures were collected in protein lysis buffer (50 mM Tris-
HCI pH 6.8, 2% SDS 10% glycerol and supplemented with
protease inhibitor cocktail (Sigma-Aldrich Canada, #P8340)
and samples were separated by 12-15% SDS-PAGE. After
transfer to nitrocellulose, membranes were blocked in 5%
skim milk in TRIS-buffered saline (TBS) plus Tween 20
0.05% (TBST) and probed with primary antibodies and
HRP-conjugated secondary antibodies in 5% skim milk, inter-
spersed with three 10 min washes in TBST. Labeling was
detected using HyGlo Chemiluminescent HRP antibody de-
tection reagent (Denville Scientific, USA). Images were ac-
quired with an Intas imaging System (Intas GmbH, Germany),
and densitometry of bands was performed using NIH ImageJ
software. Levels of acetylated H3K9/K14 and Hsp70 were
normalized to GAPDH and acetylated tubulin was normalized
to a-tubulin, followed by normalization to the vehicle-treated
control.

Antibodies and chemicals

Primary antibodies were: mouse anti-human HSP70, specific
for stress-inducible HSPA1A (StressMarq, Canada, SMC-
100B; 1:100 ICC; 1:1000 WB), mouse anti-Flag M2
(Sigma-Aldrich, #F1804; 1:400 ICC); rabbit anti-FUS
(Proteintech, USA, 11570-1-AP; 1:400 ICC), mouse anti-
human SODI1 (Sigma-Aldrich Canada, SD-G6; 1:100 ICC),
rabbit anti-acetyl-histone H3K9/K14 (Cell Signaling, #9677;
1:400 ICC; 1:1000 WB), mouse anti-GAPDH (MediMabs,
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Canada, #MM-0163; 1:1000 WB), moue monoclonal anti-
acetylated tubulin (Sigma-Aldrich #T6793; 1:1000 WB) and
rabbit anti-o-tubulin (Abcam #ab15246; 1:1000 WB).

Secondary antibodies (Jackson Immunoresearch:
Cedarlane, Canada): Alexa Fluor 488-conjugated Affinipure
donkey anti-mouse IgG (1:300); Cy3-conjugated donkey anti-
mouse IgG 1:300); Cy5-conjugated donkey anti-rabbit IgG
(1:300), and HRP-conjugated goat anti-mouse (1/5000 for
WB, 1/500 for IC) or donkey anti-rabbit IgG (Jackson
Immunoresearch (1:2500).

HDAC inhibitors and HSP-inducing drugs: SAHA
(suberoylanilide hydroxamic acid) and tubastatin A
(Cayman Chemical: Cedarlane, Canada); tacedinaline,
RGFP109 and RGFP966 (Selleckchem: Cedarlane, Canada);
sodium phenylbutyrate (Selleckchem); arimoclomol (Toronto
Research Chemicals, Canada); NXD30001 was previously
supplied by NexGenix Pharmaceuticals (Cha et al. 2014).

DNA damage assay in human NPC-derived motor
neurons

The generation of human neuronal progenitor cells (NPCs)
and motor neurons was accomplished by following the proto-
col of Reinhardt et al. (Reinhardt et al. 2013). All lines were
established previously (Naumann et al. 2018; Pal et al. 2018)
and in accordance with the local ethics committee of the
Technische Universitdt Dresden, Germany
(EK45022009).iPSC-derived spinal motor neurons were ma-
tured in 3.5-cm glass bottom dishes coated with poly-L-
ornithine and laminin (Reinhardt et al. 2013) over 21 days
in vitro (DIV) and then treated for 24 h with Mock (0.1%
DMSO), 4 uM RGFP109, 0.1 uM tubastatin A or 2 uM
SAHA, all from a stock in DMSO.

Recruitment of FUS-GFP to laser irradiation sites (linear
cuts) was then performed using a custom-build 355 nm UV
laser cutter setup similar to common commercial FRAP mod-
ules with a sharply focused beam in conjunction with a mo-
torized stage and a piezo-electric Z-drive for precise 3D-
targeting. For detailed technical specifications, refer to
(Naumann et al. 2018). A Zeiss alpha Plan-Fluar 100 x 1.45
oil immersion objective was used and 24 laser shots in
0.5 pm-steps were administered to generate a 12 pm linear
cut through nuclei. Recruitment and release of FUS-GFP at
laser irradiation sites (on-off kinetics in boxed areas in Fig. 9a)
was recorded with 1 fps over 15 min in confocal live spinning
disk mode using the 488 nm laser line for excitation of GFP. In
order to deduce on-off kinetics, a narrow rectangle selection
box was drawn in F1JI software around the cut in the acquired
movies and integrated intensities obtained with the FIJI plugin
“Analyze/Plot Profile” were normalized by the nuclear back-
ground using a selection box of identical dimensions. The
resultant fold-change values were plotted over consecutive
movie frames (i.e., time) to generate Fig. 9b.
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Statistical analysis

The analyses for each experiment are described in the figure
legends. Significance was established at p < 0.05.

Results

HDAC inhibitors: dose-response analysis in spinal
cord-DRG cultures

Major mammalian HDACs are classified as class [ (HDAC 1,
2,3,8), class Ila (HDAC4, 5, 7,9) and IIb (HDAC®6, 10), class
II (the sirtuins), and class IV (HDACI11). Of particular inter-
est to this study were class I and IIb: class | HDACs because of
their importance for histone acetylation and chromatin remod-
eling; class IIb HDAC6 for specific effects on tubulin acety-
lation, microtubule stability and intracellular transport, as well
as its regulatory role on the duration of HSF1 activation and
chaperone function of HSP90 (Bali et al. 2005; Boyault et al.
2007; Pernet et al. 2014).

Suberanilohydroxamic acid (SAHA, Vorinostat®), and
phenylbutyrate have relatively broad substrate specificity.
We tested SAHA as a standard pan HDAC inhibitor and con-
ducted limited experiments with phenylbutyrate. To associate
effects with particular HDAC types, experiments were con-
ducted with inhibitors of HDACI (tacedinaline), HDAC3
(RGFP966), HDAC1 and 3 (RGFP109) and HDAC6
(tubastatin A). Figure 1 shows the Western blot analysis of
dose-response of spinal cord cultures treated with drug for
24 h, measuring acetylation of histone 3 (acetylated at residues
K9 and K14 (H3K9/K 14)) and acetylated o-tubulin as exper-
imental endpoints, referenced to GAPDH or total o-tubulin,
respectively. Figure 2 shows the dose—response for expression
of stress-inducible Hsp70 (HSPA1A). Western blots for Fig. 1
and Fig. 2 are presented in Online Resource 1 and data are
summarized in Table 1. Drug concentrations were chosen for
further study that significantly increased acetylation of target
substrate. The following data are summarized in Table 2.

HDAC inhibition potentiates NXD30001-induced
expression of Hsp70

HSP90 inhibitors constitutively induce expression of HSPs in
the absence of additional stress. The small molecule
NXD30001, previously shown to induce HSP expression in
cultured motor neurons (Cha et al. 2014), was used to deter-
mine which HDAC inhibitors would potentiate constitutive
HSP-inducers. Hsp70 expression was examined by immuno-
cytochemistry after 3 days of treatment with 40 nM
NXD30001 or vehicle control. Representative
epifluorescence images are presented in Fig. 3. Hsp70 labeling
was scored as negative (0 — relative to second antibody

control), light (+) or bright (++) and quantified as the percent-
age of total motor neurons counted (minimum of 75 neurons
scored in each of at least 3 cultures) (Fig. 4). The pan HDAC
inhibitor, SAHA, increased both the percentage of
NXD30001-treated motor neurons expressing Hsp70 (Fig.
4a) and the intensity of labeling (Fig. 4b) in a dose-related
manner, at concentrations of 1-4 uM, which alone did not
significantly alter Hsp70 expression. RGFP109 (HDAC1/3
inhibitor), tacedinaline (HDACI1 inhibitor), and tubastatin A
(HDACEG6 inhibitor) also potentiated NXD30001-induced
Hsp70, whereas the HDAC 3 inhibitor, RGFP966 was sup-
pressive (Fig. 4c, d). Activity of RGFP109 was the most sim-
ilar to SAHA in this assay, as both inhibitors potentiated
Hsp70 expression in background glial cells as well as in neu-
rons (see images in Fig. 3).

HDAC inhibition potentiates arimoclomol-mediated
enhancement of Hsp70 expression by heat shock

Based on the collective experimental data, SAHA, RGFP109,
and tubastatin A were selected for further study. Tubastatin A
was of interest because HDAC6 inhibitors have shown bene-
ficial effects in models of Charcot-Marie-Tooth peripheral
neuropathies (Benoy et al. 2018; d'Ydewalle et al. 2011) and
restored axonal transport in motor neurons derived from in-
duced pluripotent stem cells (iPSC) from ALS patients with
FUS mutation (Guo et al. 2017). Although tacedinaline
showed some efficacy in the NXD30001 study, it was not
protective in a model of ALS due to mutation in FUS, pre-
sented in Fig. 8 and therefore was not pursued further.
Arimoclomol acts by promoting HSF1 binding to HSE
elements of heat shock genes (Kalmar and Greensmith 2009;
Kieran et al. 2004), but does not induce HSPs in the absence
of stress, including in our spinal cord-DRG cultures (not
shown). To determine if HDAC inhibitors potentiate
arimoclomol, we used nonlethal heat shock as the initiating
stress (43 °C for 30 min, as previously described (Batulan
et al. 2003)). Arimoclomol’s dose-response was investigated
in preliminary experiments (Online Resource 2), in which
cultures were exposed to arimoclomol (1-10 uM) or vehicle
beginning 30 min prior to heat shock and the percentage of
motor neurons expressing Hsp70 was quantified after recov-
ery in the original drug-containing medium for 6, 24, 48, or
72 h. Arimoclomol significantly enhanced Hsp70 expression
(relative to heat shocked vehicle control) at 6- and 24-h recov-
ery times; the effect was absent by 48-h recovery.
Arimoclomol dose-response with 24-h recovery is also
shown in Fig. 5 (Hsp70 immunocytochemistry) and Fig. 6
(quantitation of the percentage of motor neurons expressing
Hsp70). Compared to arimoclomol alone, Hsp70 expression
was significantly higher in cultures treated with the combina-
tion of arimoclomol plus SAHA (Fig. 6a) or plus RGFP109
(Fig. 6b, c¢). Tubastatin A was tested at both 1 and 2 uM since
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Fig. 1 Dose-response of various HDAC inhibitors on histone and o-
tubulin acetylation in murine dissociated spinal cord-DRG cultures, as
summarized in Table 1. Four- to 6-week-old cultures were treated for
24 h with each of the following HDAC inhibitors: SAHA (pan HDAC
inhibitor), tacedinaline (HDAC 1 inhibitor), RGFP966 (HDAC 3 inhibi-
tor), RGFP109 (HDAC1/3 inhibitor), and tubastatin A (HDAC6 inhibi-
tor). Protein samples were separated by 15% SDS-PAGE and transferred
to nitrocellulose membranes. Western analysis was carried out using

some increase in histone acetylation, suggestive of inhibition
of'a class | HDAC can be occur with 2 uM. At both concen-
trations, tubastatin A had a co-inducing effect on Hsp70 ex-
pression following heat shock, similar to arimoclomol (Fig.
6d). With the combination of 1 uM tubastatin A and
arimoclomol, the percentage of neurons expressing Hsp70
was slightly greater than with arimoclomol alone, but the ef-
fect was not additive.

Thus, HDAC class I inhibition potentiated Hsp70 expres-
sion by both constitutive and co-inducers of the heat shock
response, at concentrations that had no effect in the absence of
added stress, whereas the class IIb HDAC6 inhibitor,
tubastatin A, acted as a co-inducer of Hsp70 expression in
heat shocked motor neurons. Another HDAC inhibitor,
phenylbutyrate, is in clinical trial for ALS; however,
phenylbutyrate had no effect on Hsp70 expression in heat
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antibodies to acetyl-histone H3K9/K14, GAPDH, acetylated tubulin,
and total o-tubulin as described in “Materials and methods.” Density of
bands corresponding to acetylated H3 and acetylated tubulin were nor-
malized to GAPDH and «-tubulin, respectively, and values from treated
samples were then normalized to vehicle (DMSO)-treated controls.
Plotted are means + SEM of data from 3 cultures per condition.
Statistical significance was evaluated by one-way ANOVA and Dunnett
post hoc analysis: *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001

shocked spinal cord-DRG cultures or on the efficacy of
arimoclomol or NXD30001 (Online Resource 3).

HDAC inhibition potentiates arimoclomol-mediated
enhancement of Hsp70 expression in motor neurons
expressing mutant SOD1

We next addressed whether HDAC inhibition would potenti-
ate HSP expression by disease-causing stressors. Mutations in
SOD1 are responsible for a dominantly inherited form of ALS
(Rosen et al. 1993). Mutations increase the propensity of the
protein to misfold and aggregate. The HSP co-inducer,
arimoclomol, delayed disease progression in SOD19%** trans-
genic mice (Kieran et al. 2004). We previously developed a
primary culture model by expressing mutant SOD1 by
intranuclear microinjection of plasmid expression vector into
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Fig. 2 Dose-response of various HDAC inhibitors on expression of
stress-inducible Hsp70 (HSPA1A) in dissociated spinal cord-DRG cul-
tures. Cultures were treated for 24 h with each of the following HDAC
inhibitors: SAHA (pan HDAC inhibitor), tacedinaline (HDAC 1 inhibi-
tor), RGFP966 (HDAC 3 inhibitor), RGFP109 (HDAC1/3 inhibitor), and
tubastatin A (HDACS6 inhibitor). Protein samples were separated by 12%
SDS-PAGE and transferred to nitrocellulose membranes. Western

motor neurons of dissociated spinal cord cultures (Durham
et al. 1997). Increasing expression of HSPs, by Hsp70 gene
transfer or exposure to HSP90 inhibitors including
NXD30001, was protective (Batulan et al. 2006; Cha et al.
2014). Using this model, we tested the efficacy of

analysis was carried out using antibodies to Hsp70 and GAPDH, as de-
scribed in “Materials and methods.” Densities of bands corresponding to
Hsp70 were normalized to GAPDH, and values from treated samples
were then normalized to vehicle (DMSO)-treated controls. Plotted are
means + SEM of data from 3 cultures per condition. Statistical signifi-
cance was evaluated by one-way ANOVA with Dunnett post-hoc analy-
sis: *p <0.05, *#p < 0.01, ***p < 0.001, ***¥p < 0.0001

arimoclomol to induce Hsp70 in motor neurons expressing
SOD19*# and any potentiation by HDAC inhibition
(Fig. 7a).

As in our previous studies (Batulan et al. 2006), expression
of SOD19%** on its own was a poor inducer of Hsp70

@ Springer



180

R. Kuta et al.

Table 1 Summary of HDAC

inhibitors analyzed and effect on HDAC inhibitor concentration = HDAC  Increased Increase.d tubulin
histone and tubulin acetylation H3K9/K14Ac and H4Ac acetylation
presented in Fig. 1. SAHA,
RGFP109 and tubastatin A were SAHA 2-4 pm Pan Yes At4 uM
selected for detailed study, as Phenylbutyrate 1-3 mM Pan Yes -
explained in the text RGFP109 4 uM land3  Yes No

RGFP966 4 uM 3 Yes No

Tacedinaline 4 uM 1 Yes No

expression. Similar to heat shock stress, less than 10% of
motor neurons responded (compared to 0% of motor neurons
microinjected with empty plasmid); however, this percentage
was significantly increased by treatment with arimoclomol
(Fig. 7a). In contrast to heat shock experiments, SAHA was
as effective as arimoclomol in increasing Hsp70 in the pres-
ence of mutant SODI1 stress. However, the combination of
arimoclomol and SAHA was significantly more effective than
either drug alone. A similar pattern was observed with
RGFP109, except the difference between RGFP109 and in
combination with arimoclomol did not reach statistical signif-
icance (Fig. 7b). On the other hand, tubastatin A had no effect
on Hsp70 expression in SOD1%**-motor neurons, and did
not potentiate the effect of arimoclomol (Fig. 7c).

Inducible Hsp70 expression is repressed in motor
neurons expressing mutant FUS

We previously reported that chromatin remodeling is altered
in cultured motor neurons expressing mutant FUS linked to
familial ALS (Tibshirani et al. 2015; Tibshirani et al. 2017).
Toxicity of mutant FUS is associated with redistribution from
the nucleus to cytoplasmic inclusions. This was accompanied
by depletion of nuclear nBAF chromatin remodeling complex
proteins and reduced histone acetylation.

Induction of Hsp70 was repressed in motor neurons ex-
pressing mutant FUS. Cultured motor neurons were
microinjected with plasmid encoding the ALS-linked mutant,
FUS®2'M and treated for 3 days with vehicle, SAHA (4 uM),
RGFP109 (4 uM), or tubastatin A (1 uM). No neurons ex-
pressing FUS®!™ expressed Hsp70 were found (assessed in
triplicate cultures per condition), nor was this altered by ex-
posure to any of the HDAC inhibitors or by arimoclomol
(alone or in combination with HDAC inhibitor). Similarly,
expression of mutant FUS reduced the efficacy of the consti-
tutive HSP inducer NXD30001 in motor neurons. Only 14%
of motor neurons expressing FUS®*™ expressed Hsp70 in
response to treatment with 40 nM NXD30001, compared to
60% of control neurons.

HDAC inhibition preserves nuclear FUS in motor
neurons

Despite their failure to enhance the heat shock response in
motor neurons expressing mutant FUS, class I HDAC inhib-
itors did promote retention of nuclear FUS. Depletion of FUS
from the nucleus and accumulation in cytoplasmic inclusions
is associated with multiple downstream effects including im-
paired nuclear functions including DNA repair, loss of nBAF
chromatin remodeling complexes and attrition of intermediate

Table 2  Summary of the effect of HDAC inhibitors on the experimental endpoints assayed
HDA inhibitor HDAC Enhanced HSP Enhanced HSP Enhanced HSP Enhanced HSP Preserved nuclear DNA Repair in
concentration induction by induction by induction by induction by mutant FUS in mutant FUS
NXD30001 heat shock mutant SODI mutant FUS motor neurons motor neurons
Motor Non
neurons  neuronal
SAHA 24 uyM  Pan Yes Yes Yes Yes No Yes Yes
Phenylbutyrate Pan No No No - - - -
1-3 mM
RGFP1094 pM  land3 Yes Yes Yes Yes No Yes Yes
RGFP966 4 uM 3 No No - - - Yes -
Tacedinaline 1 Yes Yes - - - No -
4 uM
Tubastatin A 6 Yes Light Yes No No No Yes
1-2 uM
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NXD30001 + DMSO

2 M SAHA

NXD30001 + SAHA

4uM RGFP109

NXD30001 + RGFP109

4 uM RGFP966

NXD30001 + RGFP966

NXD30001 + Tacedinaline

4 uM Tacedinaline

2 UM Tubastatin A NXD30001 + Tubastatin A

and terminal dendritic branches (Tibshirani et al. 2017).
Treatments that maintain nuclear FUS have the potential to
prevent those downstream abnormalities. Motor neurons were
microinjected with plasmid encoding mutant FUS and treated
with HDAC inhibitor for 3 days. Following immunolabeling,
FUS localization was scored as nuclear, cytoplasmic or dis-
tributed in both compartments (Fig. 8).

<« Fig. 3 HDAC inhibitors enhanced expression of Hsp70 induced by the

Hsp90 inhibitor, NXD30001. Cultures were treated for 3 days with 40 nM
NXD30001 or vehicle (DMSO), alone or in combination with an HDAC
inhibito—2 uM SAHA (pan HDAC inhibitor), 4 uM tacedinaline
(HDAC 1 inhibitor), 4 uM RGFP966 (HDAC 3 inhibitor), 4 pM
RGFP109 (HDAC1/3 inhibitor), or 2 uM tubastatin A (HDACS6 inhibi-
tor). Cultures were fixed and immunolabeled with antibody specific for
stress-inducible Hsp70 (HSPA1A). All HDAC inhibitors except
RGFP966 enhanced NXD30001-induced Hsp70 expression, but had no
inducing effect on their own (See Fig. 4 for quantitation). SAHA and
RGFP109 also enhanced NXD30001-induced Hsp70 expression in back-
ground glial cells. Scale bar=20 pm

SAHA, RGP109 and RGFP966 increased the percentage
of neurons with nuclear FUS compared to vehicle control.
Tacedinaline and tubastatin A had no significant effect.

We next examined localization of mutant FUS in cultures
treated with arimoclomol, alone and in combination with
HDAC inhibitor. Interestingly, arimoclomol was as effective
as SAHA (Fig. 8b) and RGFP109 (Fig. 8c) in retaining FUS in
the nucleus (evident as an increase in neurons with both nu-
clear and cytoplasmic FUS and fewer with cytoplasmic distri-
bution only). The combination of arimoclomol and SAHA
was significantly more effective than either drug alone, where-
as the combination of arimoclomol and RGFP109 had similar
efficacy as each drug alone. Tubastatin A was ineffective in
this experiment as well (Fig. 8c).

Thus, despite not overcoming the repression of Hsp70 ex-
pression by mutant FUS, Class I HDAC inhibitors and
arimoclomol prevented the loss of nuclear FUS. This was
expected of the HDAC inhibitors because of the decrease in
histone acetylation correlating with aspects of mutant FUS
toxicity (Tibshirani et al. 2015; Tibshirani et al. 2017), but
was more surprising with arimoclomol.

HDAC inhibitors preserve DNA repair in motor
neurons expressing mutant FUS

FUS plays important roles in DNA repair (Martinez-Macias
etal. 2019; Mastrocola et al. 2013; Wang et al. 2013) and cells
expressing mutant FUS linked to ALS accumulate DNA dam-
age (Naumann et al. 2018; Qiu et al. 2014; Wang et al. 2013).
To examine whether HDAC inhibitors would preserve DNA
repair, we utilized the experimental model, in which recruit-
ment of FUS-GFP to laser irradiation sites (linear cuts) in the
nucleus (illustrated in the movie accompanying Fig. 9a), is
measured in iPSC-derived motor neurons CRISPR/Cas9-
engineered to express FUSY -GFP or the ALS-linked mutant
FUSP*?*_GFP (Naumann et al. 2018). Whereas FUS" -GFP
readily accumulated at laser-irradiated, DNA damage sites
(Ctrl Mock), FUSP*?°L_GFP failed to be recruited (FUS
Mock). Pretreatment for 24 h with SAHA, RGFP109, or
tubastatin A led to significant recovery of FUS">***-GFP re-
cruitment to laser irradiation sites (Fig. 9a, b). Thus, DNA
repair in neurons expressing mutant FUS can be preserved
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Fig. 4 HDAC inhibitors enhanced expression of Hsp70 induced by the
Hsp90 inhibitor, NXD30001. Cultures were treated for 3 days with 40 nM
NXD30001 or vehicle (DMSO), alone or in combination with an HDAC
inhibitor: a, b 1-4 uM SAHA (pan HDAC inhibitor), or ¢, d 4 pM
tacedinaline (HDAC 1 inhibitor), 4 uM RGFP966 (HDAC 3 inhibitor),
4 uM RGFP109 (HDAC1/3 inhibitor) or 2 uM tubastatin A (HDAC6
inhibitor). Cultures were fixed and immunolabeled with antibody specific
for stress-inducible Hsp70 (HSPA1A) (see representative micrographs
shown in Fig. 3). Hsp70 expression was scored in at least 75 motor

through inhibiting activity of multiple HDACs, including
HDACG6, which is better known for regulating acetylation of
cytoplasmic proteins.

Discussion

Although appealing, applying HSP-based therapy in patients
has proven challenging, in part due to the high threshold for
HSF1-mediated transcription in neurons (Batulan et al. 2003)
and further desensitization with disease progression, which
has been associated with loss of histone 4 tetra-acetylation
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neurons per culture as 0 (background), + (light) or ++ (strong) and
graphed as mean + SEM of at least 3 cultures per condition. All HDAC
inhibitors except RGFP966 enhanced NXD30001-induced Hsp70 ex-
pression, increasing the percentage of motor neurons expressing and the
intensity of immunolabeling, but had no inducing effect on their own (as
shown for SAHA). Statistical analysis was performed using one-way
ANOVA followed by Dunnett’s multiple comparison test to NXD con-
trol: *p < 0.05, **p <0.01, **¥p <0.001

(Labbadia et al. 2011). Acetylation has multiple influences
on expression of heat shock and activity of heat shock pro-
teins, dictating the chromatin landscape for binding of HSF1
to HSE (Guertin and Lis 2010) and regulating the activity of
HSF1 and HSPs (Marinova et al. 2011; Marinova et al. 2009;
Rao et al. 2012; Zelin and Freeman 2015), as well as gene
expression and neuronal morphology more generally. Histone
deacetylase inhibitors have neuroprotective properties on their
own that are relevant to our particular interest, motor neuron
disorders (Guo et al. 2017; Piepers et al. 2009; Rossaert et al.
2019; Rouaux et al. 2007; Yoo and Ko 2011), including the
preservation of mutant FUS, a cause of familial ALS, in the
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0 %

Fig.5 Murine spinal cord-DRG cultures were pre-treated for 30 min with
vehicle (DMSO), 1-4 uM arimoclomol alone or arimoclomol in combi-
nation with different histone deacetylase inhibitors (a 4 uM SAHA, b
4 uM RGFP109, or ¢ 2 uM tubastatin A), followed by heat shock at 43 °C
for 30 min and recovery at 37 °C for 24 h. Cultures were fixed and

nuclear compartment of cultured motor neurons as reported in
the present study.

We evaluated the ability of different classes of histone
deacetylase inhibitors to enable the heat shock response in
motor neurons, both alone and in combination with drugs that
induce HSP expression constitutively or magnify induction in
stressed cells (co-inducers). The Hsp70, HSPA1A, was used
as the classic marker of stress-induced HSP expression in the
following experimental paradigms in dissociated cultures of
murine spinal cord-DRG: Constitutive induction of Hsp70 by

immunolabeled with antibody specific for stress-inducible Hsp70
(HSPA1A), followed by HRP-conjugated antibody and development
using ImmPACT DAB kit (Vector Labs SK-4105). Quantitation of the
percentage of motor neurons expressing Hsp70 is presented in Fig. 6.
Scale bar=20 um

an HSP90 inhibitor, thermal stress, and expression of mutant
proteins (SOD1 and FUS) responsible for familial forms of
ALS as models of proteotoxic stress linked to neurodegener-
ative disease. Heat shock and the ALS models also served as
initiating stresses to evaluate the HSP co-inducer,
arimoclomol, which is in clinical trial for ALS and inclusion
body myositis and exhibits a favorable safety profile (Lanka
et al. 2009), as well as to determine if efficacy would be
increased by combination with an HDAC inhibitor. The re-
sults are summarized in Table 2.
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Fig. 6 Quantitation of Hsp70 immunolabeling shown in Fig. 5. Spinal
cord-DRG cultures treated with the HSP co-inducer, arimoclomol and
HDAC inhibitor (a SAHA, b, ¢ RGFP109, or d tubastatin A), alone
and in combination. Cultures were heat shocked at 43 °C for 30 min
and recovered at 37 °C for 24 h, then fixed and immunolabeled with
antibody specific for stress-inducible Hsp70 (HSPA1A). Presence of
Hsp70 labeling was scored in at least 75 motor neurons per culture. In

In reference to HSP90 inhibition, heat shock and ex-
pression of mutant SODI1, although there were some dif-
ferences according to the stress paradigms, the premise
that HDAC inhibition would enhance the efficacy of
HSP inducers holds true. Class I HDACs were implicated
since the Class I HDAC1/3 inhibitor, RGFP109 produced
similar results as the pan HDAC inhibitor SAHA, whereas
effects of the class IIb inhibitor, tubastatin A were incon-
sistent with different stress paradigms (see below).
HDACI1 is implicated since the HDAC1 inhibitor,
tacedinaline, was effective in potentiating NXD30001-

@ Springer

d, intensity of labeling was scored as 0 (background), + (light) or ++
(strong). Presented are mean percentages + S.E.M. of data collected from
3 cultures per condition. Statistical significance in a, b, and d was eval-
uated by one-way ANOVA and Bonferroni post hoc analysis. Analysis in
¢ was by one-way MANOVA and Tukey HSD post hoc analysis:
*p<0.05 ** p<0.01, ***p < 0.001, ***¥p < 0.0001

induced Hsp70 expression in motor neurons, but the
HDACS3 inhibitor, RGFP966, was not. It is also possible
that combined inhibition of multiple class I HDACs is
important, as appears to be the case in models of
Friedreich’s Ataxia (Chutake et al. 2016).

The class IIb HDACS6 inhibitor, tubastatin A, showed en-
hanced heat shock-induced Hsp70, alone and when combined
with arimoclomol, and increased neuronal, but not non-neu-
ronal, Hsp70 induced by the HSP90 inhibitor, NXD30001, yet
it was ineffective in the ALS models with respect to Hsp70
induction. HDACG6 is an important regulator of HSF1
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activation, but this action depends on the stress, HSF1 being
activated by HDAC6-dependent and independent mecha-
nisms (Boyault et al. 2007; Pernet et al. 2014). In unstressed
cells, HSF1 is complexed with HDAC6, p97/VCP, HSP90,
and other HSPs and must be released to interact with HSE in
HSP gene promoters. Heat directly disrupts the HSP90-HSF1
complex, whereas with proteotoxic stress, as occurs with pro-
teasome inhibition, HSF1 activation is driven by HDAC6

<« Fig. 7 SAHA and RGFP109 act similarly to arimoclomol as co-inducers
of the heat shock response in motor neurons expressing mutant SOD1
causing ALS. SOD19** was expressed in motor neurons of dissociated
spinal cord-DRG cultures by intranuclear microinjection of plasmid vec-
tor. Cultures were treated with vehicle (DMSO) or 4 uM arimoclomol,
HDAC inhibitor (a 4 uM SAHA, b 4 uM RGFP109, or ¢ 1 uM tubastatin
A) alone and in combination. On day 3, following microinjection, cul-
tures were fixed and labeled with antibody to stress-inducible Hsp70.
Presented are mean + SEM. Statistical significance was tested by one-
way ANOVA followed by Bonferroni post hoc analysis: *p <0.05,
**p < 0.01, ¥**p < 0.001, ****p <0.0001. Note: Microinjection of emp-
ty plasmid did not induce Hsp70 in any motor neurons (see text)

binding to polyubiquitinated proteins, resulting in the p97/
VCP-dependent segregation of HSF1-HSP90 complexes. As
the amount of ubiquitinated protein diminishes, the inactive
complexes can reform, thereby regulating the duration of
HSF1 activation in a manner proportional to the intensity of
the proteotoxic stress (Pernet et al. 2014). This mechanism is
likely to operate in neurons expressing mutant SOD1, which
misfolds and aggregates and inhibits the proteasome (Kabashi
et al. 2012). Consistent with our data, tubastatin A reduced
proteasome inhibitor-driven upregulation of HSP70 and au-
tophagic flux in cultured oligodendrocytes (Leyk et al. 2015).
The differential involvement of HDAC6 in thermal versus
proteotoxic stress could help to explain why tubastatin A
had different effects in this study depending on the cellular
stress model. It should also be noted that HSF1 is not the only
transcription factor activating HSP gene transcription.
Proteasome inhibition can also act through the transcription
factor HSF2 (Batulan et al. 2003) and the Hsp70 promoter
also contains other potentially relevant elements including
SP1 (Taylor et al. 2007). The phosphatidylinositol 3-kinase/
Akt pathway and Spl have been implicated in Hsp70 induc-
tion by HDAC inhibitors (Marinova et al. 2009).

Interestingly, SAHA and RGFP109 acted on their own as
HSP co-inducers in the SOD1 model, but not with HSP90
inhibition or heat shock—the opposite of tubastatin A.
SAHA and RGFP109 exhibited similar activity as
arimoclomol with respect to Hsp70 induction in motor neu-
rons expressing mutant SOD1. Arimoclomol’s effect was
qualitatively consistent with other studies in cultured motor
neurons exposed to staurosporin or hydrogen peroxide
(Kalmar and Greensmith 2009) and with experiments in
SOD19%34 transgenic mice, in which treatment with
arimoclomol restored Hsp70 levels in spinal motor neurons
(Kieran et al. 2004). With this stress paradigm, the combina-
tion of SAHA and arimoclomol was significantly better than
either drug alone, supporting our hypothesis of improved ef-
ficacy with combined treatment.

What mechanism might account for potentiation of
NXD30001 by tubastatin A? HDAC6 acetylation of non-
histone proteins, including HSP90 and HSF 1, has complicated
effects on HSP expression (Marinova et al. 2011; Marinova
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et al. 2009; Rao et al. 2012; Zelin and Freeman 2015).
HDACS® is a client protein and deacetylase of HSP90.
Increased acetylation disrupts function of HSP90 and there-
fore its clients (Bali et al. 2005; Rao et al. 2008); thus,
inhibiting deacetylation of HSP90 by tubastatin A and
inhibiting HSP90’s active site by NXD30001 could both fa-
cilitate disruption of complexes and release of HSF1, the com-
bined effect being greater that individual drug.
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FUS localization

A very different pattern was observed with expression of
mutant FUS linked to familial ALS. A number of genes linked
to ALS encode RNA binding proteins, including FUS
(Kwiatkowski Jr. et al. 2009; Vance et al. 2009). In our prima-
ry culture model (Tradewell et al. 2012) histone acetylation is
impaired in motor neurons expressing mutant FUS, but pre-
served by treatment with SAHA (Tibshirani et al. 2015).
Expression of mutant FUS not only failed to induce Hsp70
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<« Fig. 8 a The HDAC class I inhibitors, SAHA and RGFP109, retained
mutant FUS in the nucleus. Flag-tagged human FUSR*'™ was expressed
in motor neurons of spinal cord-DRG cultures by intranuclear microin-
jection of plasmid expression vector. After 3 days of treatment with
HDAC inhibitors, cultures were fixed and immunolabeled with anti-
Flag M2 antibody followed by Cy2-conjugated anti-mouse IgG. The
distribution of FUS was scored as nuclear, cytoplasmic or distributed in
both compartments. Show are means + SEM of counts of 20-83 motor
neurons in each of 3 cultures per drug treatment group and 11 cultures
vehicle (DMSO) control. Statistical analysis was performed using one-
way ANOVA followed by Dunnett’s multiple comparison test relative to
vehicle (with DMSO) control: *p <0.05, **p <0.01, **#*p <0.001. By
single comparison to DMSO, RGFP966 increased the percentage of neu-
rons with nuclear FUS with p value = 0.03. b, ¢ Both arimoclomol and the
HDAC inhibitors SAHA and RGFP109 retained mutant FUS in the nu-
cleus. Human FUS®*'™ was expressed in motor neurons of spinal cord-
DRG cultures by intranuclear microinjection of plasmid expression vec-
tor. After 3 days of treatment with vehicle, arimoclomol, HDAC inhibitor
(4 uM SAHA, 4 uM RGFP109, or 1 uM tubastatin A) or the combination
of arimoclomol and HDAC inhibitor, cultures were fixed and
immunolabeled with anti-FUS antibody followed by Cy5-conjugated an-
ti-rabbit IgG. The distribution of FUS was scored as nuclear, cytoplasmic
or distributed in both compartments. Shown are means + SEM of counts
of 17-32 motor neurons in each of 3—4 cultures per group. Statistical
analysis was performed by one-way MANOVA followed by Tukey
HSD post-hoc analysis: *p <0.05, **p<0.01, ***p <0.001.

in motor neurons, but impaired the efficacy of HSP-inducing
drugs, both the HSP90 inhibitor, NXD30001, and the HSP co-
inducer, arimoclomol. Thus, mutant FUS suppresses the heat
shock response, an effect that could compromise cellular de-
fense mechanisms and contribute to motor neuron dysfunction
and loss. The actual mechanism of this suppression is not
known, but could relate to epigenetic changes impairing chro-
matin accessibility at heat shock gene promoters (Budzynski
et al. 2017; Chen et al. 2002; Tibshirani et al. 2017).
Regardless, it was relevant to determine whether different clas-
ses of HDAC inhibitors could restore stress-induced expression
of HSPs and enable HSP inducing drugs. Neither SAHA nor
RGFP109 nor tubastatin A were effective in inducing Hsp70;
however, SAHA and RGFP109 both significantly retained mu-
tant FUS in the nuclear compartment. The ineffectiveness of the
specific class IIb (HDACG6) inhibitor, tubastatin A, points to
inhibition of class I HDACs underlying the effect of SAHA
and RGFP109. The class | HDACI1 inhibitor, tacedinaline, also
was completely ineffective in this assay, but the improvement in
nuclear retention of FUS by the class | HDAC3 inhibitor,
RGFP966, although only reaching statistical significance in
single comparison to DMSO (p =0.03), is consistent with
HDAC3 inhibition contributing to the activity of the HDAC1/
3 inhibitor, RGFP109, and SAHA. Of note for comparison.
RGFP966 failed to potentiate NXD30001-induced Hsp70.
Given the many nuclear functions of FUS, retention of
nuclear FUS would have multiple downstream effects to
maintain neuronal function. In this model, depletion of nuclear
FUS was associated with loss of histone acetylation (specifi-
cally H3K9/K14), a crucial transcriptional regulator

(Tibshirani et al. 2015), loss of nBAF chromatin remodeling
complexes and dendritic attrition (Tibshirani et al. 2017), ef-
fects that are prevented by SAHA. FUS plays an important
role in the DNA damage response by being recruited to sites
of breakage in a PAR-dependent manner and this recruitment
is inhibited in cells expressing mutant FUS (Martinez-Macias
et al. 2019; Naumann et al. 2018). In iPSC-derived motor
neurons engineered to express FUSP**“-GFP. SAHA and
RGFP109 significantly restored recruitment of FUSP?™-
GFP to sites of laser-induced DNA damage, although not to
control levels. Surprisingly, tubastatin A also showed efficacy
in this assay, a result that is neither expected nor explained
given its specificity for HDAC6, a cytoplasmic enzyme, at the
concentration used. The normal function of FUS includes
recruiting HDACT to sites of induced DNA damage, and this
process is perturbed in cells expressing mutant FUS (Wang
et al. 2013); however, a role for HDACS6 is not evident.

A particularly interesting finding of this study was that
arimoclomol, although not inducing Hsp70 in motor neurons
expressing mutant FUS, was as effective as SAHA and
RGFP109 in retaining nuclear FUS. Given the high threshold
for activation of the heat shock response in certain types of
neurons, it has been suspected that this drug has other neuro-
protective mechanisms. Since this study and others have shown
HSP-inducing properties of HDAC inhibitors (Budzynski et al.
2017; Chen et al. 2002; Ren et al. 2004; Tao et al. 2004; Zhao
et al. 2005). we questioned whether arimoclomol has HDAC
inhibitory activity. Activity of HDAC class I enzymes was not
significantly inhibited in HeLa cell nuclear extracts (supplied
with the HDAC activity assay kit) or whole cells homogenate
of spinal cord-DRG cultures exposed to arimoclomol at the
concentration used in this study (4 M) (Online Resource
4a,b). As expected, RGFP109 did inhibit class | HDAC activity
(by 46% in spinal cord-DRG cultures relative to vehicle
control—Online Resource 4b). Budzynski et al. recently report-
ed that treatment with another HSP co-inducer, BPG-15, result-
ed in reduced HDAC activity in cultured mouse embryo fibro-
blasts, particularly in isolated nuclei, although activity of puri-
fied HDAC enzymes (1, 4, 6, and 10) was not compromised.
They concluded that an indirect effect of BPG-15, such as on
multiprotein HDAC assemblies influencing HDAC activity, re-
lates to increased chromatin accessibility at heat shock genes
and enhancement of the heat shock response. Given that acet-
ylation impacts multiple processes regulating the heat shock
response, more work will be needed to understand how these
data fit into the mechanism of action of HSP co-inducers. It has
long been thought that arimoclomol has neuroprotective prop-
erties separate from HSPs, but the data do not support direct
HDAC inhibition being this mechanism (no significant effect
on HDAC class I activity—Online Resource 4).

With respect to FUS-induced proteotoxicity, histone acet-
ylation is reduced in experimental models and prevented by
HDAC inhibitors, accompanied by retention of nuclear FUS
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Fig. 9 HDAC inhibitors rescued the impaired DNA damage response in
motor neurons expressing an ALS-linked mutant FUS. Recruitment-
withdrawal to laser irradiation sites (linear cuts) in nuclei (boxed area)
of iPSC-derived spinal motor neurons expressing normal (Ctrl) or mutant
P525L (FUS) FUS-GFP was imaged live at 21 DIV. a Mutant P525L
FUS-GFP failed to be recruited to laser-irradiated DNA damage sites
whilst motor neurons expressing WT FUS-GFP showed normal recruit-
ment (Mock, compare Ctrl vs FUS). Conversely, 24-h treatment with
either RGFP109 (HDAC1/3 inhibitor) or SAHA (pan HDAC inhibitor)
or tubastatin A (HDACG6 inhibitor) led to a recovery of mutant FUS-GFP

(Rossaert et al. 2019; Tibshirani et al. 2015). The finding in
the present study that arimoclomol had activity similar to
RGFP109 and SAHA in preserving nuclear FUS would argue
against a small indirect effect on HDAC activity being
responsible.

In terms of how compounds with more substantial HDAC
inhibitory activity enhance the heat shock response, the mech-
anisms regulating HSP expression are complex, as is the in-
volvement of HDAC:s in those processes. The HSP enhancing
properties of a particular HDAC may not be completely pre-
dictable by knowing its substrate specificity and given that
regulatory mechanisms vary with the type and level of the

@ Springer
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recruitment to laser irradiation sites. Recruitment and release of FUS-GFP
at laser irradiation sites (on-off kinetics in boxed areas) was recorded with
1 fps over 15 min on a confocal live spinning disc microscope (Naumann
et al. 2018). Shown is a single representative frame at 70 s of the movie.
Scale bar=10 pm. b Quantification of FUS-GFP at cut over time. Note
the flat line of mutant FUS Mock (red line, no recruitment) and the partial,
but significant rescue upon treatment with SAHA (solid black line),
RGFP109 (dashed black line) or tubastatin A (green) compared to Ctrl
cells (blue).

stress, a potential drug would need to be evaluated in an ex-
perimental paradigm appropriate for the circumstance of use.
For example, the pan HDAC inhibitor SAHA was most effec-
tive overall in the assays tested, but this property did not ex-
tend to another nonspecific HDAC inhibitor, phenylbutyrate.
However, overall, the class I HDACs are favored for their
activity as HSP co-inducers as well as epigenetic modifiers,
conditions that are common in neurodegenerative disorders.
In summary, histone acetylation and chromatin remodeling
complexes play crucial and interdependent roles in regulating
gene expression for neuronal form and function and for cellu-
lar defense. The data support the idea of combining an HDAC
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inhibitor with an HSP-inducer, not only to improve, but to
prolong efficacy. This combination could also ameliorate epi-
genetic changes and more widespread disruption of gene ex-
pression in ALS, either directly by maintaining histone acet-
ylation, or indirectly by maintaining protein quality and neu-
ronal homeostasis.
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